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INTRODUCTION————

A program has been in pro~ress at the SavaI~nah River Laboratory to

characterize plutonium-bearing particles released to the atmosphere from
nuclear fuel reprocessing plants. Nuclear fuel reprocessing facilities at
the Savannah River Plant release to the atm:)sphere minute quantities (< 1
mCi yr) of 239Pu in particulate form. To determine the source,chemical form
and p!lysical form :)Fthese particles, the i[~itialphase of this program tias
dsvoted to the development of collection and analysis techniques for their
detection and isolation. Particles bearing plutonium acre then identified,
isolated from other collected particles, and characterized as to size,
m.)rphology, elemental composition, and radic>active properties.
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through the system. Air from the meter is t-cdl~ack into the exhaust
system to prevent its release to the service area.
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FIGURE 1. Arrangement of Sample Collection Equipment

Film Preparation

Figure 2 shows the procedure for converting the particle-containing
filter membrane to a polycarbonate film. After air is sampled, the
radioactivity retained on each filter is measured beforr it is handled
in the laboratory. F:achfilter is then dissolved in a 40”6 [v/v) solu-
tion of 1,2-dichloroethanc in ~lic}lloro]rleth:~l~c.The filters are folded
and each placed in :] l-mI,vol(]mctric flask. A second clean, unused
filter is placed in the same’f’l:ishto gjvc’s{lft-icicIltpo]ycarbonate to
form a 50-mm sqllarefilm. t~olumeof the dichlorethane solution in the
flask is adjusted to about 3/.1ml,. ‘l’hismixt~lre is stirred until the
polycarbonatc filters dissolve. ‘1’hcflasks ar~>stoppcred and allowed
to stand for 30 minutes to allow trapped air bubbles to rise to the
surf.ice.

The clear polycarbonate solution containing the particles is poured
onto a clean, 50-mm (two-inch) sql]areglass plate (see Figure 2). One
edge of a second 50-mm square gl;Issplate is used to spread the solu-
tion ei’enlyover the surface of the first plate. The solution is
stirred continuously with the second plate for about half a minute while
the solution thickens. A 50-mm s({uare, 1.6-mm thick acrylic support
with a 45-mm diameter hole is placed on top of the wet film. The
si]pportand pl:ltc~’omhinations :Ireplac(~d illcovered petri dishes for
1(>hours while tl~efilms contin~le to dry.

The Nlass plates are then removed by dipping the support and plate
combinations in distilled water and prying the supports from the glass
with tweezers.
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FIGURE 2. Procedure for Preparing Polycarbonate Films

Film Irradiation

To prodLIcct’ission fr;lgm~’nttracks in tl~cpolycarhonate film by
\{hichparticles containing fissiol~able matcriiil can be identified, the
cast film is irradiated in a thermal neutron fluence of about 9 x 10]4

nclltrons ]lercm7. I:ilmsarc arranged for irradiation hy stacking the
supports on top of’each other thus sandwiching each film between two
supports . lncludcd in the stack are blank films that are prepared in
the same way as the’sample films from clean unused filters. The as-
sembled stack is ~~’rappedwith cellophane tape. Wrapped with each stack
arc prcweighed 25.4-mm diameter, (1.25-mmthick, Type 302 stainless steel
disks. The induced radioactivity from 27-day 51Cr in these disks is
later measured to determine the thermal neutron flucnce to which the
[)articles arc ex[]osed.

The packaged stacks are irradiated in a three-inch diameter hole
in a light water-cooled, enriched LIranium-fue]cd standard pile with
Sraphite reflectors.4 Following irradiat ion, the induced radioactivity
of the stacks arc allowed to decay several days before the packaged
stacks are returned to the l:lboratory.

-4-



Film Etching

To make the fission fragrncnttr:lcksvisible ~ith an optical micrtJ-
Scol)c,the pol)’carl)onatcfilm is c~tcllcdfc)rten minl]tcs in ON N:1OII[It

52 to 55”C. During this etching proces~, :1portion of al] polycarbonate
surfaces is dissolved: the olltersurface of the cast film, the surface

around the particle, and cspecia]ly that alon~ the fission fragment

tracks.

Emulsion Coating

To identif~rthe fissionable material in each particle, the alpha
particle emission rate is measured by coating the polycarbonate film
with a photographic emulsion which is developed after a predetermined
exposure time.

‘1’llecmlllsi(lnLIscdto coat irr:ldititedfilms is KodalL‘1’ypeNTIJ
nuclear-track emulsion (Kodak catalog number 164 4425). Under darkroom
lighting (No. 2 }Yratten-filtered), a 4-oz jar-of emulsion is partly
illllllC~SCLlill :1 W[ltCr b;lth lll[lintail)~d~lt ‘~oo(;{Inti ] th~ Clll~llSiOnlllCltS

[between 15 and 20 minutes). Slightly over half the molten emulsion is
carefully poured into a narrow polyetbylcnc container in the water bath.
T}lCmOltcIl enlUISiO]l iS teStCLl by di[)ping ;l C~Can ~la~S microscope S1iL]C

into it and examining the coat on the glass under a safelight to Llctcr-
mine whether b~lbbles arc present. If prrsent, they are scooped from

the surface of the molten emulsion with a porcelain spoon.

‘[’hepolycarbonatc films are coated with cmlllsion by holding the
supports containing the films vertically by one corner and dipping them
into the clear molten emulsion for about onc second. The films are
kept vertical until the excess emulsion has Llraincd off. The coated
films are then placed horiuont;l]]y in a biL)LhCmiL.al oxygen demand (~~[))

~80(.~LllLl~LlloLltgoq,r~~}:ltivchumidity until theincllbatormaintained at - ,
emulsion cools and gels (about 3(Iminutes).

Exposure

To determine the alpha part ic]c emission rate for each aerosol
particle, the polycarbonatc films arc stored for one week before being
developed. Spun aluminum D(+;si(?o(JZ{YIs*containing 60 grams of indicating
,?l~~c?l~~t~are ~lscdto ~Ont:linthe films dllrin~this exposure of the

emulsion to the particles. The D[;tii~<ooZeY’:;are scaled with I)l:lckad-

hesit’ctape and stored in a ret-rixcrator between 4 and 5°C for the
dLlration of the exposure.

* Trademark of l:isher Scientit-ic (;ornpany.
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Enlulsion Processing

At the cnd c]Fthe cxpos{lrc ]~criod,the :Ilph;l]larticlctracks in
the emulsion arc developed aJId ;111sllbst:]n~-esotllcrthan tracks :lrc
rcmo~’cdfrom the Cmlllsion. ‘1’11(’cnl~ilsionis develo])cd in a 1:1 sol(ltion
of r~ektf7z*developer for three min~ltes at 17°[~.5’fi’7

[mmediatcl~ following dc~clopmcnt, the film is rinsed in 28?} (v/v)
ac-ctic ac id t-or10 scc-ends. ‘1’helli~hacid [’ol]c.~’ntration is i]sedto
pre~’cnt rctic~llation ot”the cm~]lsion ;ind its separation from the SIIIJ-

porting pol~’carbonate film.

‘[’herinsed ~+mlllsionis fi.~~’dI)Y]Jlacillgit l-ort-ivemin~ltcs in a
1:.3dilution of Kodak rapid fixer concentrate** containing 2.8°0 [v/11’)

hardener concentrate.

All chemicals except the rnetalic silver :Lrewashed from the em[llsiorl

(Isinga h:ltchprocess. l’hccllllllsic)ll-c(>vcrc’dfilm is pluccd in distilled
\Jater, and the chemica]s in the emulsion and wash water fireallowed to

approach ec~uilibrium for two rninutcs. ‘1’heemulsion is then placed in a
second ~-ontainerof distilled water while the water in the first con-
tainer is chan~cd. ‘~hisprocess is repeated a tot:llof eight times.
~\ftcrthe water wash, the clll~llsic>n-~:oate(l}lol)’c:lrl>[)rl;ltefilms arc p]accd
illracks :lndallowed to dr} in a d(lst-free :Itmosphcre.

“1’heentire process is carried out in a dark room where the tempcra-
t~lre is maintained between 17 and 18°C. All sollltions and the wash
water are stored in the dark room so there \~’i11 be no tcmpcrat[lrc
Sradicnt bct~~een sol[ltions d~lringproccssinx.

Track Counting

‘1’I)c*film is prepared for tr:lc’hco~lntinxl>}’]~lacin~the acry] ic
s(l}~porton a 50-mnls~l~lare,] .(,-111111 Tl]ick acrylic l)lock.

Those particles havin~ tracks are located under a Bausch and I,omb
stereo =oom microscope Llsingtransmitted light and a magnification
of 105X. }~llenfound, each particle with tracks is circled with a felt-
tip marking pen. After a particle has been marked, the support and
block holding the film are moved to a Zeiss photomicroscope where the
fission fragment and alpha particle tracks arc counted using transmitted
light and a nlagnification of 1000X. I~piplan, flat-field objectives are
used because they are corrected for ~lncovcrcd specimens and do not re-
~]tlirccover glasses. ‘rhenumbers of alpha particle tr:icks in the lower
and upper emuls ions are addc{lto gi\rethe tot:ilnumber of alpha tracks
ohscrved.

‘rhrce Polaroid pict~jrcsof tracks from ;Lsingle particle — onc
\;iththe focal plane in the lower emlllsion, onc in the polycarbonate
t-i1[11,and one in the upper em~llsion --are SiYcn in [:i~lll-c3.
.—.———

“ ‘1’l.:]dc]narho{”i:~stm[ln ~OdLl!\ (:t)m]JLIII)”.
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FIGURE 3. Alpha Particle and Fission Fragment Tracks in
Photographic Emulsion and Polycarbonate

Identification of Fissionable Materials

Table I gives the theoretical r:ltios of :Il]>l)apart~c]e to fission
fr:lgmcnttracks which would be prodllced from ]}articlcs irradiated with
a flLi~n~c of 8.6-IX 101’+thermal nelltrons/cln2when there is :L seven–day

interval between film casting and etching and during exposure to nuclear-
trach emLllsion. The stipulation that etching follows film casting by
seven days is inclLldedbccaLlse spontaneol~s fissions will add to the
n~lmber of fission fragment tracks [l~lrin~this period.

This identification procedllrr can be USC(1 to distinguish particle-
l>t~~illd1~1LttoniLml from Llranium. T:ll)1e r shows tll:lt, of the six isotopic
m ixtllresof ur:injlml,only the high]y enriched ~lraniLlmmixture will give
:1number of fission fragment tracks comparable to th:ltof the plutonium
m i.KtLlres. Even if there shollldbe enoLIgh ur;Lnillm to produce fissjon
Fr:lgmcnttracks, l!lixtLlrcsof these isotoJ>cswoLllclnot J>rodLIL’ealpha
particle tracks.

This procedure may be used not only to idc~ntify plutoni.urn,but also

to identify the plutonium isotoJ>jc composition in a particle. For
example, ‘1]):trticlc‘~:lvinglo “f.iss~onf“ragmcnt tr:lL1kSWOLlld :11S0haVe
5 :Ill>hapdrticle tracks if the mixtllrc were low-irr:]diation plutoni[lrn,
610 alpha particle tracks if it were l~igh-irr:l(li;itio]lplutonium, and
5(18Llalpha particle tracks if it \{creIleat soLlrceplutonium.

‘1’;ll~lc1 illcl~l,lcs(in addition to ()ti]ldI’lltrack d;lta) :inlmlbcr of

Cill’i[lm:lnLlC~l]ifornilllllnLICljd{’s whir]] L;oll](]IllillliL’ t])C [I]lltollilllllIniXttlI”CS.

5L)me of these nuclidcs decay by s]~ontalleoLlsfission. ‘rO detect sponta-
neous fissioni.n~, the polycarbonate film should l)callowed to stand
s.,’LIr{Llweeks after c;lst.ing and tllL’nllcetullc>dl~~)tll?]ef’orc:1]1(1after
tht’rl!lalneutron irradiation. lJnder these conditions, tracks dlleto
spont:lncollsfissi(}ning \tii11 al>]~c:lrin Ilnirr;]di:Itedfilms.
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TABLE I

TheoreticalNumberof Fissionand AlphaTracksfrom
1010Atomsand the Ratioof Alphato FissionTracks

Nuclides

Power Reactor Fuel
(4% 235U)

Low Burn-Up Uranium
(2.s% ‘“u)

Highly Enriched Uranium
(90% “Su)

Natural Uranium
(99% 238U)

Depleted Uranium
(%1OQ% 238U)

High Burn-Up Uranium
(1% 23 5U1

2” ‘Cm

2k2m
Am

233U

2Q5Cm

Low–Irradiation Pu
(94% 239h)

247Cm (SF)

251cf

2q8Cm (SF)

High–Irradiation PU

(40% .23’PU)

24gcf

252Cf (SF)

2k3Cm

Heat Source Plutonium
(80% 236WI

Zsocf (SF)

“’GCf (SF)
241

Am

2Szcf

2“”Cm (SF)

Fission Tracks
per 1010 Atoin8

3.99 x 102

2.50 x 10’

8.98 x 103

7.18 X lQ1

2.49 x 10’

8.88 x 101

1.25 x 103

1.31 x 105

9.06 x 103

3.73 x 104

1.20 x 104

<6.64

8.30 x 104

5.78 ~ 101

8.02 x 103

2.88 x 104

3.13 x 106

1.19 x 104

2.40 x 103

1.56 x 10”

1.56 x 101

5.43 x 101

5.53 ~ 102

2.03 x 101

Alph Tmcks
per 10 ~0 Atoms

2.14 x 10-1

1.50 x 10-1

6.54

5.74 x 10-2

3.60 x 10-2

1.44 x 10-1

8.10

4.20 x 103

8.20 x 102

1.56 x 104

(6.48j7i;;)

8.10

1.48 x 105

3.37 x 102

(5.13-9.31)
x 104

3.79 x 105

5.02 x 107

4.43 x 106

(1.22-1.07)
x 106

1.02 x 107

2.76 x 10”

3.07 x 105

5.02 x 107

7.34 x 106

Ratio of
Alpti to
Fission Tracks

5.36 x 10-Q

6.00 X 10-4

7.29 x 10-”

7.99 x 10-”

1.44 x 10-3

1.62 x 10-3

6.48 x 10-3

3.19 x 10-2

9.05 x 10-2

4,17 x 10-1

(5.40-6.27)
x 10-1

>1.22

1.78

5.84

(6.40-1.16]
X1O1

1.32 x 101

1.61 x 101

3.71 x 102

(5.08i4i:~)

6.50 x 102

1.76 x 103

5.66 x 103

9.08 x 10”

3.62 x 105
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Measurement of Plutonium and Uranium Ratios

To demonstrate the effectiveness of this identification method in
distinguishing between plutonium and uranium, s:~mplesof particles were
obtained fron!two sources of known nuclide mixtures: one of low-
irradiation plutonium and one of highly enriched uranium. Polycarbonate
films were prepared containing particles from either one or the other
source. The films were irradiated and coated with emulsion, and the
emulsion was exposed and developed using this procedure. The number of
alpha particle and fission fragl!lenttracks with each particle were
counted.

The data from 315 particles containing low-irradiation plutonium
are given in Table 11 and those from 350 particles containing highly
enriched uranium are given in Tal)le III. ‘lhedata were ranked according
to the number of observed fission fragment tracks per particle to
determine whether the number of tracks influenced the measured ratios.
I’hemean and standard deviation of the ratios in each track internal
are also given.

TABLE II

Analysesof ParticlesContaining23YPu

Fission
Tracks

3-4

5-9

10-14

15-19

20-24

25-29

. 30-34

35-39

40-44

45-49

50-54

55-59

60-64

65-69

80-84

85-89

90-94

100-104

Total

Number
of
Particles

33

80

65

36

26

11

13

7

16

9

4

1

2

1

Total
Fission
Tracks

125

528

783

607

570

294

408

262

672

423

212

58

371

136

160

8(>

182

104

5!181

Tots 1
ALpti
Tracks

108

358

569

489

432

275

417

287

819

398

302

41

362

124

172

86

147

56

5442

Ratio
AZph to
Fission
Tracks

0.86

0.68

0.73

0.81

0.76

0.94

1.02

1.10

1.22

0.94

1.42

0.71

(1.:)8

0.91

1.08

1.00

0.81

0.54

().f)l

Standard
Deviation

0.68

0.49

0.44

0.45

0.38

0.50

0.38

0.32

0.44

0.45

0.72

0.30

0.08

0.46

0.18
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TABLE III

Analysesof ParticlesContaining235U

F{ssion
Tracks

3-4

5-9

10-14

15-19

20-24

25-29

30-34

35-39

40-44

Total

Number
of
Particles

124

146

39

18

10

3

4

3

3

350

To ta Z
Fission
Tracks

435

935

460

293

214

82

126

110

125

2780

Total
A~ph
Tracks

3

2

0

0

0

0

0

0

0
—

5

Ratio
Alpha to
Fission
Tracks

0.0069

0.0021

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0018

From Tables II and III the mean ratio (all>hato fission fra~ment
tracks) for low-irradiation plutonium is 9.1 X’lO-l while that f~r
highly enriched uranium is 1.8 x 10-3. T]IUS, 239Pu can clearly be dis-

tinguished from 235U using this procedure if there is a sufficient
number of tracks. However, these ratios arc 1.7 and 2.5 times the
theoretical ratios given in Table I. In the case of highly enriched
uranium, all alpha particle tracks were observed as single tracks only,
some of which may have been due to background radiation; this would
explain the higher mean ratio for uranium. l~ithplutonium, the higher
observed ratios are probably dlleto the geometry of the media in which
the tracks are formed. The polycarbonate film in which the particles
are embedded is thin enough for alpha particle tracks to be recorded in
the emulsion on both sides. ThlIs, some of the fission fragments emitted
in the vertical direction prod[ice short tracks or no tracks. Likewise,
some of the alpha particles emitted in the horizontal direction do not
reach the emulsion and give no tracks. If the thickness of the poly-
carbonate film is less than 2RuRf/(RU + Rf) x 2R /3, where R is the
range of the alpha particles and Rf is the rangcaof the fiss~on frag-
ments, then the observed ratio will be higher than the theoretical
ratio.

There appears to be some infl~lenceof the number of tracks counted
on the observed ratio. This a])parcnt influence is probably due to the
increasing difficulty in counting all the fission fragment tracks with
increasing numbers.
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Quantitative Radiographic Analysis

Alpha particle and fission fragment track counts will provide not
only a ratio from which the fissionalilematerial carried on the particles
can be identified, but also an estimate of the quantity of the radio-
active nuclides present. One fcmtocurie (fCi) of 239Pu will produce
about 22 alpha particles in a week and, when irradiated with a fl~lencc
of 8.64 x 1014 thermal neutrons/cm2, will produce about 40 fission
fragments. In a mixture of low-irradiation plutonium, the number of
fission fragments produced will be increased to S3 with between 28 and
33 alpha particles depending on the age of the m
half of these particles will produce tracks, yet
technique is much more sensitive than electron m-

which is not sensitive to less than 10 fCil.

Particle Isolation

xture. Only about
this radiographic
croprobe analysis,

After a particle has been identified and photographed and the
tracks are counted, the particle is excised from the film in a poly-
carbonate square. For this, the support.and block holding the film
are returned to the stereo microscope. Tn transmitted illumination and
at a magnification of 105X, two parallel cuts are made through the
emulsion-coated film on either side of the particle using an ultra
microlance. The film is then rotated throu~h 900 and two more cuts
made forming a square (see Figure 4a). The cut square is then probed
in one corner by a 15-mm long, electrolytically sharpened, tungsten
needle (made by placing a pair of 0.52-mm ditimeter tungsten wires in a
3N NaO[lsolution and applying a 60-llz, 10-volt potential between them
for 10 to 15 minutes). With this needle, the cut square containing the
particle is lifted from the film and placed on a glass microscope slide
(see Figures 4b, 4c, and 4d). The polycarbonate square is freed from
the needle by rotating it so the corner of the square opposite that
stuck by the needle strikes the slide ca{lsingthe square to rotate and

fall.

The emulsion layers are then removed from the polycarbonate square
by placing a cover glass orlto]}of the SqLI;II’C. W:itcr is introduced be-
tween the cover glass and slide using a glass microbrush made from a
20-DL glass disposable pipet. (A 0.025-mm-diameter tungsten wire is
~iollhlcdand threaded through the lumen forming a loop at onc end. A
small amount of glass \#ool is placed through this 100]J,which is then
dra~m into the end of the pipet. The glass fibers are then cut off
about 2 mm from the end of the pipct.) l’hcmic.robrush is dipped in
water and the glass fibers arc touched to the edge of the cover glass
to allow the water to flow from the br~lshto between the slide and the
cover glass.

‘[’hecnllllsionis tllcn r~’llltl~~l~~ll~yScnt]y moviilgthe cover glass :1

few mm from side to side (see l:igure4ej; this rolls the swollen emulsion
from the surface of the film, but not from the fission fragment tracks
thcnlselvcs. ‘1’hc~’overglass is ~.:lrefully1if-tedfrom the glass micro-
scope slide, taking care not to loose the polycarbonate square containing
the particle.
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FIGURE 4. Procedure for Mounting Particle for Fissionable
Material Identification

Particle Mounting

To mount a particle, the polycarbonate square is placed in a
selected grid location on a ber~’ilium sample mounting l]lock* (Figure 4f’).

* }\’alterC. LlcCrone Associates, Inc. catalog number XIII-403-3.
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These sample mounting blocks [Ire25 mm ill di:imcter and 13 mm thick :Ind
fit the standard electron microl)rol)csam]>lcholders, which grip the
sides and provide the necessary electrical contact. The top surface of
the block is highly polished and contains a grid network of l-mm squares
inscribed on the surface. The squares are numbered in mirror image
fashion both vertically and horizontally through the center.

With coaxial (reflected light) illumination and 15X magnification
under a stereo microscope, the polycarbonatc sqllarcsarc moved from tbc
microscope slide to the beryllium block using aJlelectrolytically
sharpened, tungsten needle.

T}lepolycarbonate square is thcr~dissolved and washctiback from

the particle using dichloroethanc, leaving the particle usually connected

to the main body of polycarbonate by a thin isthmus of plastic. This
connection does not seriously effect the microprobe analysis and aids
in later locating the particles and holding them on the beryllium block.
A glass microbrush is rinsed in dichloroethanc to remove any foreign
material and filled by immersing the bristled cnd in a second beaker of
dichloroethane. The magnification was increased to 105X. Dichloroethane
from the brush is dispensed on the beryllium block just in front of the
polycarbonate square until the square is engulfed in the solution. The
microbrush is then used to push the solution back from the particle.
Gelatin replicas of the fission fragment tracks remained with the
particles.

The beryllium block is returned to the photomicroscope where a
second Polaroid picture of each particle is made at a magnification of
556X to identify the particles after the gelatin has been removed.

The gelatin with each particle is oxidized by exposure to an oxygen
plasma for three hours in a lo\~-temperature asher.* In this asher a gas
plasma is generated in oxygen using the energy of electrons in the gas.
Power is supplied to electrons at 13.56 Flllzby a radio-freq~lency (RF)
generator. Since the energy to do this with a low-temperature asher is
provided through the electrons instead of heat energy, high temperature
degradation, volatilization, or fusion of the inorganic constituents of
the particles are eliminated.

Figure 5 illustrates the last three stages in the preparation of
one particle. The top picture is the particle in the polycarbonate film
with emulsion stripped off. The middle picture is the same particle
with the polycarbonate removed showing the gelatin replicas of the
fission-fragment tracks. The bottom picture is a scanning electron
micrograph of the particle after oxidation of the gelatin. In this
picture, traces of the gelatin replicas and silver grains can be seen.
Here, what had appeared to be a single particle is actually a conglom-
eration of at least five and l~ossiblytcn smallc’r])articlcs.

* Nlanufactureciby International Plasma Corporation.
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FIGURE 5. Plutonium-Bearing Particle in Last Stages of Mounting

Particle Sizing

To maintain control of particles after the gelatin track replicas
are oxidized, the beryllium sample block is ret.~lrncdto the photo-
l!licrosco[)ewhere each particle is located and photographed a~ain 1
reflected light using Polaroid film and a magnification of 556X.
arrow is marked on the film pointing t.othe particle, so ~}lere wi

no mistake in what is intended for analysis.

The size of each particle is estimated f-remthese ]’olaroid p
tahcn after oxidatjon of the complctc]y Licn(ldc(lt>articlcs. An :lV(

ndcr
An
1 be

(Jturcs
ra(]c.>

of the smallest and largest dimensions of the photographed particle are
IIlc:lsllredin }l!nand divided b>-the’magnifi~’:)tiol~.

Elemental Analysis

To determine elemental composition of the particles, the particles
are analyzed on a Cameca MS46 electron microprobe, equipped with four
L“r}”stal, w’:lvc-leTlgt}l-dis]lcrsivc sl]~m(’tromctc>rs(t:lkc~-c}ffarj~l{, 18°) and
an EDAX 7011’filI”CROE21T*energy-dispersive analyzer. X-ray intensities
resulting from the electron bombardment of the particles and particle
sizes and shapes arc estimated. These estimates, along with estimated
a\’L’r~ge deIISitleS, are used in the l~RAMEprograma as modified for
particles work b~rArmstrong on a lJN;IVAC** 1110 computer. This calcu-
lut-ionrives the particle composition in both element and oxide weight
J~LJrcentsand atomic proportions I)ascd on 24 fLJ1.oxygen atoms.

* Tradcmarh of l;l)AX“Internation, inc.

** Traclemark of SpcrrY Rand (;orl~or:~tion.
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SAMPLING LOCATIONS—-———c

Particles were collected from air in both exhaust systems in nuclear fuel
reprocessing facilities at the Savannah River Plant. A schematic diagram of
these systems is given in Figure 6. System I takes room air from inside wet
cabinets (where plutonium is in solution) and from work areas and exhausts
it via the JB-Line stack.1 System II takes air from the mechanical line
(where plutonium is handled in matallic form) and exhausts it via the 291-F
stack. In System I, samples were taken of unfiltered cabinet air from the
fifth and sixth levels (Sampling Points 29 and 30, respectively), of filtered
air from both locations (Sampling Point 27), and unfiltered room air from
the fifth level (Sampling Point 23, and of air at the 156-foot level of JB-

Line stack (Sampling Point 28). In System II, samples were taken of mechanical
line air from just beyond the first high-efficiency, particulate air (HEPA)
filters located in back of the cabinets (Sampling Point A or 31); of the
combined air from the mechanical line, air sample exhaust, furnace off-gas vessel
vent, process vacuum system, and air dryer system after the second HEPA filter
(Sampling Point B or 26); of the air leaving the sand filter which also con-
tained air from the support laboratory off-gas system of Building 772-F, the fuel
dissolving and extraction process vessel vent system and Building 221-F canyons
containing the process vessels (Sampling Point C); and of air from the 50-foot
level in the 291-F stack where air from the sand filter mingles with that from
the uranium recovery A-Line and other sources (Sanpling Point D).

A total of 121 particles were analyzed from System I (16 from sampling
point 23, 68 from p~int 29, and 38 from point 30) and 417 from System 11
(125 from sampling point A, 107 from point B, 114 from point C and 71 from
point D). These figures do not include 20 particles which contained no
elements with atomic numbers greater than 9 and were assumed to be organic.

-15-
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GROUPING OF DATA !3YE!IRICHMENT FACTORS

The results were expressed in terms of “enrichment

factors” (dimensionless ratios of elemental concentrations),which
t’nabledthe intcrcomparisonof tl]~’c[~mpositit~nsof plutonium-bearing
particles with other atmospheric aerosols and the intracomparison
among particles collected from different sampling points. A def-

inition of enrichment factors and an explanation of their development
and application in this work is given in the Appendix to this report.

To compare the chemical composition of the particles collec-
ted from Systems I and II with each other and with the average
for global cr~lstalaerosol, the particle analyses were grouped
according to the level of the enrichment factors. Four groups
were established for each element using the elemental concentra-
tion data in Table A-1 of the :Ippcndix. The first group contained
those particles which contair~(’dno detectable amounts of the ele-
ment sought. The second group contained detectable amounts with
enrichment factors less than t~nestandard deviation below the
geometric mean enrichment factor, mg/sG. ‘[’hethird group con-

tained particles with enrichment factors between the lower and
upper limits of one standard deviation from the geometric mean
enrichment fac+or, = /sg and l~l:Kosg,respectively.

R
The fourth

group contained enric ment factors~rcatcr than one standard

geometric mean enrichment factor, l:Fg”s,.
k

The third column of
Table N gives the percent of the ~artic es ?%:ed which gave

‘1’hcfourth,fifth, and sixthpositive anal}rsesfor each element-—’
columns of Table ~ contain the percent of those having positive
analyses which had enrichment factors ICSS than, between, and
more than the lower and ul)pcrlimits of the geometric standard
deviation.

To comi~arethe chemical cnmpositiurlf>fparticles collected
at the various sample points illSystem 11 with each other and
globill crl]st:ll:lerosol (’1’ab]c,\-l),this l)rocesswas repeated
anJ the rcs~llts drc listed ill‘I”al)lcV.

-17-
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Ele:ll?nt

Si

Al

Fe

Ca

Na

K

M,:

‘.I’i

P

M[1

Ba

s

cl

cI-

Ni.

;<,,

C,l

sc’

c,1

System

I
II

I
II

I
11

I
II

I
II

I
11

I
11

I
11

11

I
11

11

I
II

I
11

I
II

I
11

I
11

11

11

I
11

Positive
Analyses, X

100
99

84
88

93
79

70
52

70
54

90
63

51
39

74
31

1

10
12

0.5

17
70

34
40

53
29

56
9

64
45

1

0.2

36
7
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% of Positive Analysesa——-
Less

.—
Grea~r

Thanb Than

C(,mparison of Analy6es of Particles from Systems I and II

47
29

0
0

14
36

53
41

13
8

56
35

24
38

20
12

0

0
4

0

47
28

13
2

0
0

2
0

4
5

0

0

12
6

Withinc

24
30

100
100

35
33

30
40

72
81

30
41

59
52

17
13

17

0
8

0

47
60

67
82

18
9

25
3

41
52

0

0

37
29

29
41

0
0

51
31

17
19

15
10

14
24

17
10

65
76

83

100
88

100

5
13

21
16

82
91

73
97

55
43

100

100

51
65
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T’ABLE IV CONT ‘D

w

Cd

I
II

11

1
0.5

0.2

——
,:. The ~)crcent of the poslti;e snalyse$ lCSS than, within,

anJ greater than one geometric standard deviation of the

global geometric mean enrichment factor.

o
0

0

0
0

0

100
100

100
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TABLE V

Comparison ofAnalysee of Particles from Sampling Points A, B, C, and D of System II

% of Positive Analysesa—.
Sa3pling

Element Point

Si A
B
c
D

Al A
B
c
D

Fe

Ca

Na

K

M<

Ti

P

M rl

A
B
c
D

A
B
c
D

A
B
c
D

A
B
c
E

A
B
c
D

A
B
c
D

A
c
D

A
B
c
D

Po8itive

Analyses, %

99
98
100
99

79
94
89
96

98
100
58
49

56
77
41
27

55
90
39
24

76
73
55
37

63
48
17
21

42
27
30
15

2
3
1

7
30
5
6

Le88

Thanb

35
8
36
40

0
0
0
0

31
40
33
46

20
54
45
53

18
4
5
6

20
46
35
54

33
35
47
60

12
10
14
9

0
0
0

13
3
0
0

Withinc

33
24
31
31

100
100
100
100

22
39
41
34

44
38
40
32

60
94
82
94

48
44
32
27

58
55
42
27

6
24
11
18

50
0
0

0
9
0
25

Greater

Thand

32
69
33
29

0
0
0
0

46
21
26
20

36
9
15
16

22
2
14
0

31
10
33
19

9
10
11
13

83
66
74
73

50
100
100

88
88
100
75
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TAULE V CON’L’‘D

Ba A
B

1
1

0
0

0
0

100
100

s A
B
c
D

58
93
66
61

30
21
24
47

54
69
61
44

17
10
15”
9

c1 A
B
c
D

43
72
27
10

4
1
0

14

47
99
97
86

49
0
3
0

Cr A
B
c
D

27
58
13
14

0
0
0
0

6
15
0
0

94
85
100
100

Ni B
c
D

27
4
7

0
0
0

3
0
0

97
100
100

Zn A
B
c
D

53
88
22
6

35
69
24
75

51
31
72
25

co

Sc

Cu

B 5 0 0 100

c 1 0 0 100

A
B
c

22
3
1

7
0
0

33
0
0

59
100
100

w

Cd

A
B

1
1

0
0

0
0

100
100

D 1 0 0 100

-21-



nat measured until after the particles had been mounted and the poly-
carbonate film containing the tracks dissolved. Thus the size distribution
of the analyzed particles is indicative of the size distribution of
particles in the aerosol carrying most of the plutonium.

Cumulative frequency plots were constr~cted for particles from
Systems I and II. Particles in each system were first ranked in order
of their approximate diameter in ym from the smallest to the largest.
A list of the number of particles having successively larger diameters
was made. A cumulative total of the number of particles at increasing
diameter segnents was calculated and then normalized by dividing by the
total number of particles from each system. This gave the fraction of
the particles having a diameter equal to or smaller than any particular
diameter. Table VI lists the particle diameters in ~m; and, in Columns
2, 3, 4, 5 & 6, the fraction of the particles having diameters equal to
or less than each diameter measured in System I and sampling paints A,
B, C, and D in System II,respectively. These fractions are also plotted
on the logarithmic probability graph given in Figure 7.
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TA~~ \;~

comparison of Size Distributions of Particles from System I and II with Natural

Aerosols~]

Diameter
(D), pm

0.4
0.5
0.9
1.1
1.2

1.4
1.7
1.8
2.2
2.5
2.7
3.0
3.3
3.6
3.9

4.0
4.4
4.5
5.0
5.4

5.8
6.1
6.3
6.7
7.0
7.2
7.4
7.8
8.0
8.6

9.0
10.0
10.8
11.7
12.6

13.5
14.4
14.9
16.2
17.1

Fraction with Diameter < D

Systern Sampling Sampling Sampling
I Point B Point C Point D

0.03
0.04
0.07

0.28
0.30

0.35

0.53

0.54

0.62

0.67

0.68

0.75

0.79

0.83

0.84

0.88

Sampling
Point A

0.02

0.04

0.10
0.11

0.13

0.20

0.23

0.33

0.34

0.40
0.41
0.44
0.46
0.54

0.55
0.58

0.61
0.62

0.01

0.06

0.07

0.10
0.11
0.18

0.20
0.22
0.26
0.27

0.35

0.36
0.37
0.39

0.46
0.48
0.60
0.61
0.62

0.66

0.67
0.71

0.01
0.02
0.04
0.09
0.10

0.11
0.14
0.17
0.32
0.34
0.37
0.42
0.43
0.46

0.51
0.52

0.55
0.60

0.59
0.61

0.64
0.67
0.68
0.68
0.70
0.71

0.74
0.78
0.81
0.82
0.83

0.89

0.89

0.01

0.06
0.08

0.11

0.21
0.23
0.24
0.31
0.32
0.34

0.38
0.41

0.48

0.56

0.58

0.59
0.63

0.69
0.75

0.79
0.80

0.82

0.83

0.89

Natural
Aerosol

0.25
0.42

0.64

0.83
0.91

0.949

0.979
0.983

0.989

0.994

0.996

0.997

0.998

0.999

1.000

-23-
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18.0
20.7
21.6
23.4
24.3

25.2
26.9
27.9
28.8
30.6

31.5
32.4
33.5
34.2
35.1

36.0
39.6
41.4
50.4
53.9

59.4
62.9

““ “..,, * w

0.92

0.93

0.94
0.95

0.959

0.975

0.983
0.992

0.64
0.70
0.71
0.74
0.75

0.78
0.81
0.83

0.86

0.87
0.88
0.89
0.94

0.944
0.968

0.992

1.000
1.000

0.75
0.81
0.82
0.85
0.86

0.87
0.91
0.92
0.93
0.935

0.944
0.963
0.972

0.981
0.991
1● 000

I

0.90
0.91 0.92

0.930 0.930

0.972
0.939

0.956 0.986

0.974

0.982
1.000 1.000
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For comparison, a cumulative fre~~[icncyplot was also made of
the size distribution of particles in natural atmospheric aerosols.
A very simple function that has been used extensively in
atmospheric research to express particle size distribution in
both natural and polluted atmospheres is

.

dN -b
E

= aD (1)

where N is the number concentration or total number of particles
per unit volume having diameters from the lower limit of defini-
tion of aerosols up to diameter D in um. From the relationships

dD = D d(ln D) (2)

and

lnD= in 10*log D (3)

the more useful expression

dN
d(log D)

= (ln 10)aD-c (4)

is obtained where c = b - 1, and dN/d(log D) is called the number
distribution. Jungelofound c to be about 3 over the size range
-0.7 <log D<l.50r 0.2 <D<32 Pm. Integratingthe first
equation between Do and D (D. < D) gives

(5)

Instead of expressing the distribution as the number of particles
per unit volume, it can be expressed as a fraction, F, of the
total number of particles or

(6)

where NT is the total number of partit-lcswhen D = W, and NT =
a/3D3. TO obtain a reasonable distribl~tion, only those particles
whic~ could be easily seen with an optical microscope were in-
cluded. Thus Do was assumed to be 1 Lim,and Equation 6 cm be
expressed as

F=l-l p (7)
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The frel]ucncydistribution for nat[lr:llaerosols with particle
diameters between 1 Pm and D, calculated from this expression, is
given in Column 7 of TableVI and plotted in Figure 7.

To see how closely the distribution of particle diameters
resembles a log-normal distribution, the assumption was made that
the observed diameters represent a sample of a population having
a log-normal distribution. The geometric mean diameter, ~g, and
geometric standard deviation, Sg, were calculated from these data
using equations similar to those given earlier for the geometric
mean enrichment factor and geometric standard deviation. These
values are given in Table vII.Values for the upper 68.27% limit
for the diameters were calculated from the product of figand Sg.
The best fit log-normal probability curves were plotted on the
logarithmic probability graph in Figure 7 by drawing straight
lineS through coordinates for Dg and fig*sgon the S0600 and 84,14*
cumulative percent absissae, respectively.

To determine the degree of as,ymetry,the skewness (SK) of
these frequency distributions was calculated using the relation-
ship

.

(’
1116 - in Dined

SK=3
in s

g )

(8)

where Dined= the median diameter. A perfect log-normaldistribu-
tion has a skewness of zero. If a distribution has a higher tail
to the right than to the left, it is positively skewed.

TABLE .11

Distribution of Particle Diameters in Systems I and 11

Syste:n

I

11

11

II

11

Sample
Location

Data Geom, Mean
‘Points Diameter
N fi~

121 4.64

A 125 12.27

B 107 10.82

c 114 4.48

D 71 5.43

Geom. Std.
Deviation Skewness
Sg SK

2.92 0.71

2.24 0.04

1.93 0.34

2.75 0.37

2.69 0.23

* {>3.27
50.()()+ ~

.
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PARTICLE EVALUATION BY PLUTONIUM CONTENT

Another characteristic studied was the dis~ribution of
plutonium among the particles as indicated by the observed number
of fission-fragment tracks in the sllrroundingpolycarbonate.

The track distribution among particles from both systems
was evaluated in the same way as the particle diameters. The
fraction of the particles with the number of tracks equal to or
less than a selected number, T, are given for Sampling Points
A, B, and~ in Tablel~I Figure 8 is a logarithmicprobability
plot of cumulative percent of particles from each of these
sampling points. Figure 9 is a similar plot for particles from
four locations in System I. The calculated geometric mean for
the number of fission-fragmenttracks per particle, the geometric
standard deviation, and the skewness for particles from each
sampling point are given in Table 9. Best fit log-normal prob-
ability curves for each distribution are plotted in Figures8
and 9. For comparison of the track distributions for particles
from the various sampling points in System I with those from
System II, the probability curve for the track distribution for
particles from Sampling Point A in System II is plotted with the
distributions from System I in Figure9.

4
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Distribution of Fission Tracks among Plutonium-Beartng Particles Collected
from Sampling Points A, B, C, and D

Number
Fraction with Tracks g T

of
Tracks

1
2
3
4
5

6
7
8
9
10

11
12
13
14
15

16
17
18
19
20

21
22
23
24
25

31
32
33
34
35

36
37
38
39
40

Sample
Point A

0.04
0.05
0.09
0.13
0.15

0.19
0.21
0.26
0.31
0.34

0.36
0.38
0.40
0.44
0.45

0.47
0.50
0.51
0.54
0.59

0.60
0.63
0.64
0.68
0.70

0.72
0.74
0.75
0.76
0.78

0.79
0.81
0.82
0.84
0.85

0.86

0.87
0.88
0.89

Sample
Point B

0.01

0.03
0.04

0.05
0.07
0.07

0.08
0.11
0.15
0.17
0.21

0.22
0.26
0.31
0.37

0.39
0.40
0.44
0.45
0.48

0.50
0.52
0.56
0.58
0.59

0.60
0.61
0.62

0.63

Sample
Point C

0.06

0.09
0.11
0.13
0.15
0.20

0.24
0.26
0.32
0.38
0.44

0.48
0.49
0.54
0.56
0.59

0.63
0.66
0.70
0.72
0.75

0.78
0.82
0.87
0.89
0.90

0.92
0.93
0.947

0.956
0.965

Sample
Point D

0.01
0.03

0.06
0.10
0.13

0.21
0025

0.28
0.32
0.42

0.46
0.58
0.63
0.69
0.70

0.72
0.75
0.77
0.82

0.83
0.85
0.86

0.89

0.92
0.93
0.944

0.958

0.972
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41
42
43
44
46

47
48
49
50
51

52
5$
55
57
58

59
69
63
65
68

70
72
73
75
89

82
8$
98
100
150

0.90

0.91
0.91

0.92
0.93
0.945
0.950

0.955

0.960

0.965

0.970
0.980

0.990
0.995

1.000

0.65
0.66
0.68
0.69

0.73
0.75
0.76
0.77

0.78

0.80
0.81
0,84

0.85
0.89
0.90

0.991

1.000
0.91

0.92

0.93

0.93

0.953
0.972
0.981
0.991
1.000

0.986

1.000
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TABLE TX

Distributionof Fission Tracks among Plutonium-Bearing
Particles from Various Sources in Systems I and 11

Source

System 1

Unfiltered5th Level
Wet-CabinetAir

Unfiltered6th Level
Net-CabinetAir

Sth Level Room Ai@

Filtered Wet-CabinetAi@

System 11

Sampling Point A Air

Sampling Point B Air

Sampling Point C Air

Sampling Point D Air

— —
a. Values determined

:Jllru
I’uints,
N

15,:)87

7,042

S3

98

200

107

114

71

graphically.

(;CLIK.,Vefzn
of NI. of
Fissi[)n
T?Ia”ks,~g

3.70

3.32

1.()()

().87

14.74

32.38

16.50

17.01

Cf!~m.:;(,~.
Deuiation,

89

2.5b

2.99

8.40

4.14

2.69

1.78

1.75

1.65

Skemess,
SK

-0.20

-0.s1

-0.98

-0.29

-0.43

0.23

-0.22

0.24
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1)1 SCllSSTON

The most abundant elements illaverage crustal rock (and soil) are
t>xy~en (46.6T1,),silicon (27.727), ol~lmintlrn (~.lYl,), iron (5.007,),calci~lm

(3.637,),sodium (2.83’1),potassi~lm (2.59(1,),nl:~gllcsillm (2.091,), and titanium

(0.447”):”’With tllcexception of oxygen, which was not detected by electron

microprobe analyses, these elemejlts are also f-OLJnd it) most inOrganic

particles (Tables 1 and A-l). This supports the idea that most plutonium-
bearing particles are airborne crustal material to which minute quantities
of plutonium have become attached.

Of particular interest is the quantity of 239Pu contained on these
particles. One feintocurie (1 fCi = 10-lECi) of 239Pu irradiated under
the conditions described here should produce 41 fission-fragment tracks.
The minimum detection limit for electron microprobe analysis of plutonium
is about 0.2 picograms or about 10 fCi of 23~]Pu,1which is equivalent to

410 fission-fragment tracks. Because of this relatively low sensitivity
of electron microprobe analysis, plutonium could be detected by this method

in only one of the 558 particles selected for analysis, even through all
the particles produced fission-fragment tracks. This single particle was

a small, l-urn-diameter particle, collected from unfiltered wet-cabinet
exhaust. It contained 73% PU02 by weight (equivalent to 170 fci of 23~pu)

in combination with Fez% and mica.

Of the major crustal elements listed in Table IV,silicon and iron
were the most ubiquitous being found in most particles. The enrichment
factor distribution for these elements, however, does not fall within
the log-normal distribution for crustal material. For the enrichment
factors of an element to match the lc~g-normal distribution of crustal
material in aerosols, there should be about 1670of the enrichment factors
of less than one geometric standard deviation, 68?.within one geometric
standard deviation of the mean, and another 16X above one geometric
standard deviation. This lack of conformity may result from the low values
for the geometric standard deviations of the enrichment factors for these
elements in aerosols.

Only the enrichment factors for sodium and chlorine fall within the
1~,<-norm~l distribution for crustal material. This may be due to tile
relative high volubility of compounds of these elements and, in the case
of chlorine, the high value for the geometric standard deviation.

Particles fro.nSystem I contain a greater variety of elements than
those fron System II and thus all but four elements are contained on
I]iil]erproportion of particles fr,>.nSystem I than fro,nSystem 11. The
m:~ststriking example was nickel. W,lile 5F/,of the particles from System
I c~]ntained nickel, only 9% of tll,)seillSystem II did. The major crustal
elem,ants (those in Table A-1 co,nprising 0.4% or more of crustal material)
are contained on over half the particles fr~~:nSysten I and with the exception
~~f[nagncsiu.ni!lplrticles fro.n sanplil~g points C and D and titanium are also

cc]:ltainedon over half the particles from Syste,n II. Some.of the minor
~:lcments (those comprising 0.17,~lrless of crustal m~terial) are present in
,~verhali the porticles, viz, I]ickcl,chromium, and zinc in particles from
System I and sulfur, chromium, and zinc in particles fro.nsampling point L;
of Syste,in11. The cl~romium and nickel may have come from the 3’34Lstainless
SLecl alloy of cabinsts and exhaust ducts or tile}lasteIloy*-C alloy in the wet
c:ll~intts. l{o.~dver,

-.-———.——
few of the pmrticles contained the prope~ ratio of chromium-

1,}-l~ickclf~~(lndillcittlcralloy. /11s:),if ll:~stelloy-Ccol~tributed the nickel
i[~the particles, some molybdenum sl~ould als~-l~a~~-b~en detected.

—-—-——_______
“: Tralemark of Cabot Corporation, I)oston, Mass.
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Of the elements which are present on less than 10% of the particles,
all but copper on particles from System II have high enrichment factors.
This indicates that the minor constituents of crustal material are not
uniformally distributed among particles but are concentrated on a few
particles where they represent a major constituent.

The plutonium-bearing particles were larger than natural aerosol
particles collected at relatively low altitude (<2.3 km) as seen in
Figure 7. Those particles collected from sampling points A and B of

System 11 were larger than those from System 1, with geometric mean
diameters two or three times those of particles from other locations.

The size of about 957Lof the plutonium-bearing particles range
between 0.4 and 37 ~m in diameter which lies in the range that will be
deposited in the lungs. M0rrow18 estimates tl)atwith normal respiration,
all particles in a monodispersed aerosol of unit density spheres 37 ~m

in diameter will be deposited in the nasopharyngeal region of the respira-
tory tract. With larger (>37 mm) particles, the fraction deposited rapidly
decreases. As the diameter decreases, the fraction deposited in the lungs
decreases until a minimum of 20% deposition is reached for particles
around 0.1 to 0.2 ~tm in diame~er where the particles tend to remain air-
borne . As the diameters decrease below 37 pm, a larger fraction is
deposited in the tracheobronchial region, until 70% of the particles 5 ~m
in diameter are deposited in the tracheobronchial region and only 5% in
the nasopharyngeal and 5% in the alveolar regions. With still smaller
particLes, the fraction deposited in the tracheobronchial region decreases
until at 0.2 ~m dia.meter only lVI.arc deposited in the tracheobronchial
and 10% in the alveolar regions. For dust particles having a density of
around 2.5, this distribution will be shifted toward smaller diameters so
that 100% deposition occurs around 5 ~m.

Particles from all parts of System 11 also contained on the average
m~re plutonium per particle than those from System I. As seen in Table IX,
the geometric mean number of tracks per particle from unfiltered wet-cabinet
air was just over three for both fifth-and sixth-level cabinets (averaging

about 0.08 fCi per particle.),while that for filtered wet-cabinet air was
about one-third of thiS or almost thL’same for room air (averaging about
(l.()?fCi/particle).

A comparison of the mean diameters of particles collected from
different sampling points, given in Table~ with the me~n number of
fission fragment tracks for particles from the same location, given in
Table Ix indicate a possible relationship between particle size and
plut,>niurnco~ltellt. Correlation c[}cfficic!!tsbetween the cube of the
particle diameter and the number of fission fragment tracks from each
particle from sampling points B, C. and D were calculated. These are
given in Table X . These coefficients differ significantly from that
expected from a random sample from a populatiol~ of paired variables
IIuving a correlation coefficient of zero. Thus , even though the points
t~na plot oi particle diameter cubed versus nllmbcrof fission fragment

tracks appears scattered, there is a significant correlation between
tl~equantity of plutonium in particles collected from sampling points

B, C, and D in System 11 and the particle volume. (Tracks with particles
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‘IABLEX

Correlation Coefficient and Coefficient of Alienation for the Cube of the
Diameter and the Number of Fission Fragment Tracks for Particles From Sampling
points B, C, and D of System II.

Sampling Number of
Point Particles

B 107

c 114

D 71

Correlation
Coefficient

0.69

0.29

0.36
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collected at otl!ersampli.l]gpoints, where only :}s,~puCC)UI~ hc found, were

counted but not recorded for each particle. only where a ratio of alpha

particle to fission frament tracks was needed to distinguish plutonium
bearing particles from those ha~~ingother fissionablematerials were the
track counts recorded).
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APPENDIX: Use of Elemental Enrichment Factors to
Express Particle Compositions

BACKGROUND

Two recent developments in aerosol studies have provided
valuable tools for the analysis of particle composition data.
‘~hcfirst is the use of ratios of elemental concentrations called
“enrichment factors” to compare aerosol compositions. Begun in

the early seventies, this technique has gained wide acceptance
in the last few years12-16.The second development is the avail-

ability of data on the composition of natural aerosols, In the

last few months, Rah1J2published a compilation of 104 data sets
of trace elements in aerosols along with the geometric mean and
geometric standard deviation of the enrichment factors for each
of the elements. These data sets were from sampling sites ranging
from highly industrialized temperature zones to the tropics and
poles, and represent all continents except South America, as well

as various marine locations. As a framework from which to view
rnl]chof the order in atmospheric aerosols, Rahn used the concept
of aerosol-crust enrichment factors for the elements. This concept
h:lsbeen applied to analyzing data collected in this study to
provide for (a) the intercomparison of the compositions of
pl~ltonium-bearing particles with atmospheric aerosols compiled
by Rahn and (b) the intracomparison among particles collected
from different sampling points,

MICROPROBE ANALYSES OF PARTICLES

To be comparable, results of microprobe analyses must be
expressed as elemental ratios. The reason for this is that not
all elements which may be present in an aerosol are detected by
microprobe analysis. The microprobe used in this study is quan-
tit:itive only for elements with atomic numbers greater than 10.

It is only semi-q~lantitative for oxygen (the most abundant element
in crustal material) as well as other major elements of low atomic
]~mber such as hydrogen, fluorine, and carbon. Atmospheric aer-
osols are known to contain, in addition to elements and oxides,
carbonaceous material s~lchas sooty carbon and organics and
\iater-sol~lbleionic material sllchas sulfate, [litrnte,and
ammonium ions. Thus elemental weight percents, normalized to
1[>0based on the elements detected cannot be compared. Even
the addition of a hypothetical oxygen concentration, calculated
on the supposition that all elements are present aS oxides of
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known valence, will still not account for the organic fraction of
particles. l[owever,

..
a ratio of the concentrations of one element

to another will normally be relatively unaffected by the concen-
trations of other elements which may be present an(ithus can t~c
used for comparisons even when a complete analysis of all the
elements in an aerosol or single particle is not available.

ENRICHMENT FACTORS

A dimensionless ratio of elemental concentrations, called

the enrichment factor, has been defined as

(X/Ref)
aerosol

‘F(x) = (x/Ref)source
(A-1)

where EF(X) is the enrichment factor of element X in an aerosol
relative to some source material. X/Ref is the ratio of the
concentration of element X to the concentration of the reference
element, Ref, in both the aerosol and the source material.

SOURCE MATERIAL

Elemental ratios in aerosols or in single particles are
normalized by dividing them by ratios of the same elements in
a standard source material to obtain the enrichment factors.
If a particle is composed of the same material as the source,
the enrichment factor will be 1.00 for all elements. If the
ratio of an element to the reference element is greater or less
than the same ratio in the source material, the enrichment factors
will be greater or less than 1.00, and the particle is said to be

either enriched or depleted, respectively, in that element.

The most commonly-used crustal source material for continental
enrichment-factor calculations is globally-averaged crustal rock.
(For marine enrichment-factor calculations, sea salt is used.)
The selection of rock may seem strange for there is little doubt
that soil rather than rock is the precursor to the crustal aerosol.
Some 93% of the earth’s continental surface is covered by soil.17
Many of these soils are in states of loose aggregation which can
easily be made airborne hy the wind. C}~emically, however, Rahr)lz
has found that the composition of the crustal aerosol is not
unambiguously that of soil. Elements in natural aerosols with
rock-like enrichment factors include Si, Fe, Ca, K, and Cr; those
with soil-like enrichment factors are Ti and Ba. One would expect
natural aerosols to be, like soil, depleted in the more soluble
elements. Except for gl:~cialactivity and to a lesser extent in
deserts, physical weathering processes, which ultimately produce

\
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srntill particles from boulders, are very slow and arc accompanied

at all stages by intense chemical wc’athering. I’hus large masses

c)fphysically pulverized rock which have not been chemically
weathered are not available for aerosol prod{lctio]l.

Rahn12speculates that remote continental aerosols are never
as dcplctcd in the soluble elements (e.g., Na, K, Ca, and Mg) as
they sho~lldbe relative to rock (if natural aerosols were purely
soil-derived)because of the presence of small amounts of marine
aerosol. Soluble elements, especially Na and Mg, are abundant

in the marine aerosol, thus only small amounts of this aerosol
in remote continental areas would noticeably raise the proportions
(Ifsoluble elements in an aerosol collected there.

In addition to the similarity in the elemental composition
of aerosol and crustal rock, available analytical data are much

less numerous and less reliable for soils, especially for several
i]~teresting trace elements which are enriched in aerosols.

For these reasons, the majority of authors who calculate
aerosol-crust enrichment factors have chosen onc of the several
available tables of elemental abundances in average crustal rock.
[l~causethe composition of pl~ltonium-hearing particles are compared
with data reported by Rahn,lzthe sam(~crustal-rock composition
used by him (that reported by }fasonll]was selected as the source
material composition for this work. Column 2 of Table A-1 gives
the elemental concentrations in globally-avera~cd crustal rock for
those elements follndin plutonium-bearing particles.

REFERENCE ELEMENT

Of the various elements which seem to be reliably crust-
d~’1’ivedin aerosols, aluminum} silicon, and iron :]rcg~neral]y
considered to be the most suitable reference elements. (When
sea salt is the source material, the nearly universal choice is
sodium.) An acceptable crustal rc’fercnce element should have
high concentrations in rock and soil, very low pollution potential,
ease of determination by a number of analytical techniques, and
fr(edom from contamination during sam]~ling. iron has markedly
higher pollution potential than dots aluminum, and so is less
suited for use with urban or rural aerosols. Silicon is probably
the most unarnbigllouselemental indicator of cr(lstalmaterial.
[Jnfortunatcly, silicon has been determined in so few aerosol
samples that it can not be used as the reference element where

comparisons are to bc made. All]minum is a major elc~ment (81,300
:~pmin rock) , well-determined by a variety of analytical techniques,
and has a minimllm of specific poll~ltion sources.
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TABLE A-1

Elemental Concentrations in AverageCrustal Rock and
Geometric Mean EnrichmentFactorsof Various Aerosols

Geometric Ve(lq Enricti,,nt Fzetora—..—
Remote

Elment

Si

Al

Fe

Ca

Na

K

Mg

Ti

P

w

Ba

s

c1

Cr

Ni

:n

c ()

Sc

Cb

u

w

Cd

con< .,
ppm

277,200

81,300

So,ooo

36,000

~8,300

25,900

20,900

4,400

I ,050

950

.125

260

130

100

75

:(1

25

22

55

Cloba 2
ngisg

0.62

1.00

1.0s

1.1s

0,64

0.99

0.64

1.01

0.79

1.45

2.61

228

100

2.so

8.74

79.7

0.91

0.59

34.0

1.8 0.92

1.5 4.89

Clobal
Dkl

(). 79

1.00

2.06

2.84

4.44

1.98

2.38

1.39

2.63

3.91

5.s0

()()8

-’.1(1

8.11

31.!)

:!)7

3.52

1.17

102

2.87

19.1

Rem te
Marine
mg

0.7

1.0

2,s

8

102-10’

6

101-102

1.2

3

104-105

20

10(1

400

4

2.34 0.8

304 150

8.93 -

74.3 -

0.2 274 1920 13400 5000

Conti-
newta 1
E’Fg

0.7

1.0

1.s

1,s

0.4

1.s

0.7

1.2

2

X2

40

6

so

80

1.5

0.8

20

2000

Urban
&Fg

0.79

1.00

2.2

2.9

1.81

1.63

2.0

l,t)3

2.6

3.2

4.8

490

300

6.2

10.8

300

4.6

0.60

149

2.87

11.0

940
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Thus for this work, enrichment factors for element X in most
particles were calculated using

*‘F(x) = (X Al rock
(A-2)

with aluminum as the reference element and average crustal rock
as the source material. However, 18 particles from System I and

37 from System 11 contained no aluminum. Thus the enrichment
factors had to be based on silicon rather than aluminum where

(X/Si) (=/Al)
particle. aerosol .

‘F(x) = (Y/Si)rock (Si/Al)rock

(X/Si)
particle

0“79(X/Si)rock (A-3)

(The second set of ratios is the geometric mean of the global
aerosol-crust enrichment factor explained in the next section.)

Using these two relationships, the enrichment factors were
calculated from the elemental weight percents obtained for 115
particles in System 1 and 156 particles in System 11. Six small
(0.5 to 3.6 um diameter) iron particles in System I and two
particles (mlS Urndiameter containing K, Cr, and Fe [1:3:3])
from Sample
silicon and

COMPARATIVE

Point A of System II contained neither aluminum nor
were thus not included in the study.

AEROSOL DATA

To compare the elemental composition of plutonium-bearing
particles with that of atmospheric aerosols, enrichment factors
calculated for elements in these particles were grouped according
to data supplied by RahnG for aerosols. In his report, trace
clement concentrations in aerosols from 104 pllblished and unpublished
data sets were used to calculate cnrichmel~t factors. From the
enrichment factors in each data set, the geometric mean enrichment
factor (~ ) and geometric standard deviation (sg) of the logarithmic
frequency 8“lstributions of enrichment factors were calculated for
each element using the following formulae:

(A-4)
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= exp
‘g

{

N

1

z

1.
“2

m
(In EF. - in =g)2

1
:}

1=1

where N = the number of data points

EFi = the enrichment factor of the ith point

The geometric mean enrichment factors obtained by Rah#2 for
19 elements are given in Table A-1 for global, remote marine,
remote continental, and urban aerosols. The geometric means of
the global aerosol enrichment factors include data from all points
and may be weighted too heavily toward cities, but they can serve
as a useful first approximation to a general aerosol. The urban
enrichment factors are geometric means for 29 cities. The enrich-
ment factors for remote continental and remote marine areas were
read from the enrichment-factor plots and are therefore somewhat
subjective.

To obtain the lower and upper limits for 68.27% of the
enrichment factors closest to the geometric mean, values for
~F /sg and ~g-sg,

f
respectively, were calculated using global

va ues. (When describing concentrations at selected statistical
levels remote from a mean, the sg is a multiplier or divider of
the ~g, whereas its counterpart Gaussian standard deviation
functions as an increment to the arithmetic mean. This is a
consequence of the fact that multiplying and dividing values
is equivalent to adding and subtracting their logarithms.) The
results from these calculations are also given in Table A-1.
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